The paper details the design of an infrared monitor for detecting biofilm accumulation on surfaces in flowing systems. It is based on the principle that the amount of infrared radiation absorbed by a biofilm, is proportional to the amount of biofilm present. The test surface in the monitor has to be transparent in order to allow the passage of the radiation, so that the radiation absorbed is solely due to the presence of the biofilm. Since the biofilm structure is very dependent upon the conditions under which it was formed, e.g. fluid flow, nutrient and cell concentrations and temperature, it cannot be made to give absolute values of biofilm accumulation. Nevertheless the device is extremely useful for comparison purposes, such as the evaluation of biocide efficacy under different operating conditions. Correlations of biofilm thickness with infrared absorbance can be made, however, for specified operating conditions. The value of the monitor is demonstrated in some typical examples. The infrared absorbance shows a clear distinction between the accumulation of biofilm under two different velocity regimes, three pH values and three chlorine concentrations at two water velocities. It is suggested that in addition to laboratory use, the monitor could be used effectively for biofilm control in cooling water circuits.
Introduction
Ideally a monitor to assess the extent of deposit accumulation on a surface in contact with a flowing system, should be non-intrusive to provide accurate data without disturbing the deposit. For translucent deposits, such as biofilms, the use of infrared absorption as a means of assessment, offers considerable scope. The technique however, requires a transparent section through which to pass the radiation. A monitor based on infrared absorption, has been used extensively for laboratory and pilot plant work where comparative measurements of biofilm growth on the inside of tubes is required, such as the assessment of the effectiveness of mitigation techniques. In these studies the total flow under investigation, passes through the monitor. It has also been used on full-scale plant as a side stream monitor.
Principle of the monitor
The principle of the monitor is illustrated on Figure 1 and is designed to measure biofilm accumulation in a tube through which microbial contaminated water is flowing. Infrared radiation from an emitter passes through the transparent glass wall, through any accumulated biofilm on the adjacent surface, through the flowing water, through the biofilm residing on the glass surface adjacent to the sensor and finally through the glass wall itself to the sensor. The emitter and the sensor are contained in a specially designed housing that fits round the glass tube. The difference between the radiation emitted and that collected, is the amount absorbed by the system, including the two glass walls, the flowing water and two biofilms. By "zeroing" the instrument with no biofilm present but with the water flowing as it would be during assessment, the absorption of radiation can be attributed to the presence of the two biofilms subsequently formed from the contaminated water.
The sum of absorbance of the infrared radiation by the two biofilms is given by:
(1) where I e is the intensity of the emitted radiation and I g is the difference in gain in intensity i.e. the display reading.
The absorbance obtained from Eq. (1) is a measure of the biofilm accumulation on the inside of the tube at the point of measurement.
Basis of electronic design
The emitter produces infrared radiation at a wavelength of 950 nm, the half-band width being approximately 50 nm. The sensor consists of a photo diode with high intensity, spectrally matched to the emitter. A reference sensor is also included which receives directly some of the radiation from the emitter. The purpose of the reference sensor is twofold; to give a basis for comparison with the main sensor and to enable an automatic control to be included to maintain the emitted radiation at a fixed value. The housing which locates the emitter and sensor fits around the glass test section, and reduces interference effects from the visible light region. The emitter and sensor are placed on a tube diameter. Manufacturing tolerance on the glass external diameter is allowed for in the design of the housing.
The electronic circuit is a pulsed system (at 300 Hz) and employs synchronous detection, the purpose of which is to reduce still further, the effects of stray light detection. The pulsed radiation passes to a signal channel via the media, and a portion of the radiation passes directly to another detector to become a reference signal. The signals are compared in a difference amplifier, the difference becoming the output signal. In addition the reference signal controls the emitter power to make it virtually constant. The sensor amplifiers are contained in the monitor housing, and the synchronous detectors and comparison circuits plus power supplies and "readout" are in the main (separate) unit. Several monitors can be connected to this unit, to enable parallel studies to be carried out if required, for comparison purposes.
As the electronic system is comparative it is not possible to assign accurate values for signal amplitude. In test sections filled with distilled water however, it may be stated that the signal probes are of the order of 5-8 µA to be converted in the amplifier to about 2 V. A trimpot gain control is included ahead of the detector circuit to reduce this voltage to 1.2 V for comparison with the reference level, with the trimpot being used for zero control.
Infrared devices are temperature sensitive, which needs careful consideration in the design of any monitor based on infrared absorption. Although the AC coupling and the pulsed system eliminates the direct effect of DC thermal drift in the sensors, there is still the possibility of temperature effects on the reliability of the unit; an effect that needs to be addressed. As a consequence each individual monitor is thermally cycled to reduce the risk to a few units over a 15°C ambient temperature range. It was considered that this would represent the maximum temperature change over which the monitor would be required to function. The use of photo transistors to simplify the system was found to be unsatisfactory as the drift observed was many times greater than without the modification! The output from the monitor is in the range 0-5 V that may be displayed or recorded, by conventional methods, but the system has been evolved into a more modular design incorporating printed circuit techniques to facilitate quicker construction and standardisation. The initial concept has not needed major reworking and continues to produce consistent results. The main changes are with the manner in which the information is recorded. As the unit has a 0.5 V output for each of the channels being monitored, the National Instruments "Labview" software is being used to record the data. With the associated versatility it is also possible to monitor the pH of the liquid and control the amount of biocide or other agents required to be added to the waterflow.
Practical aspects
There are a number of practical aspects that have to be kept in mind in the use of the monitor (Bartlett et al., 1999) . 1. The glass section where measurement takes place must not cause any disturbance to the flow since this could adversely affect the accuracy of the readings. Any disturbance would not simulate the flow conditions that might be present in say, a heat exchanger where cooling water was passing through a heat exchanger tube. The potential problem may be overcome by ensuring a flush fit of the glass test section to the inlet and outlet sections. An alternative would be to use a long length of the glass tubing so that steady hydrodynamic conditions are present in the monitor. 2. The surface properties of glass are very different from the surfaces of the usual construction materials i.e. metals and plastics. Nevertheless the monitor will give data useful for comparison purposes, e.g. to give indications of biocide dosing levels that are likely to be effective. In plant applications it could be used empirically. 3. The absorption measurement in effect assesses the "density" of the biofilm which combines the compactness of the deposit and its thickness. A number of process conditions affect the thickness in relation to the "density", including nutrient availability, temperature and the prevailing hydrodynamics, particularly velocity. It is possible, however, to develop a correlation of biofilm thickness with absorbance for a given set of conditions. The thickness of the biofilm can be estimated by weighing the tube clean and with biofilm in place, to give the mass of biofilm present, and making a reasonable assumption that the biofilm has the density of water it is possible to obtain the volume of biofilm and hence the thickness knowing the area of attachment. Figure 2 is an example of a graphical correlation (Taylor, 1997) .
Biofilm
Glass test section Figure 2 Correlation of thickness against absorbance 4. It is well known that because the outer surface of a biofilm is "rough", a point measurement of deposit thickness is unlikely to be a true representation of the mean thickness across a wider surface. It is possible if a more accurate value is required, to take a series of readings along a length of tube and calculate the mean absorbance and so obtain a mean thickness as required. The housing in which the emitter and sensor are located is capable of being moved along the test section length.
Applications
The basic concept of the monitor has been used for a number of years with a continuous improvement in its technology, through experience of its applications particularly in respect of the design of the housing of the emitter/sensor device. Examples from research work carried out at the University of Birmingham (Figures 3-5 ) are provided to illustrate the potential of the device. All the work used Pseudomonas fluorescens as the biofilm forming microorganism.
Conclusions
Through experience with the use of the non-intrusive infrared monitor, developed at the University of Birmingham, it has been demonstrated that it is an effective and reliable tool for the investigation of biofilm growth and removal in flowing systems. Using a side stream on an industrial cooling water system it would be a relatively simple matter to use the device to dose biocide automatically into the system, to control microbial growth on surfaces in contact with the water flow. Figure 5 The effectiveness of different concentrations of chlorine for the removal of established biofilms with water flow velocities of 0.86 and 1.27 m/s (Taylor, 1997) 
